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The b—sl*I~ process is studied in the minimal supergravity model in detail. Taking into account the
long-distance contributions from thee resonances, we calculate the branching ratio and the lepton forward-
backward asymmetry in this model. We find that there is a strong correlation between the branching ratios of
b—sy andb—sl|*l~ processes and that the interference effect can chande-tred ™1~ branching ratio in
the off-resonance regions by up1dl5% depending on the relative phase between the long- and short-distance
contributions. Using various phenomenological constraints including the branching rdtie ®y, we show
that there are regions in the parameter space where the branching fiatiesdt | ~ is enhanced by about 50%
compared to the standard mod8M). We also show that the branching ratiobsfsvv is reduced at most by
10% from the SM prediction.S0556-282197)04707-3

PACS numbdss): 13.20.He, 12.60.Jv, 14.65.Fy

I. INTRODUCTION determined by solving the relevant renormalization-group
equationsRGE’s) from the Planck to the low-energy scale.
Although the standard modébM) of the elementary par- |t is shown that the constraint from thH€%-K° mixing is
ticle physics is successful in explaining almost all experi-easily satisfied in this framework since masses of the first
mental results, it is possible that physics beyond the SMwo-generation squarks with the same quantum numbers re-
exists just above the presently available energy scale. Singfiain highly degenerate at the low ener@. The FCNC
new physics may affect various processes at low energy sugrocesses involving the third-generation quarks and squarks
as the flavor-changing neutral currdi@CNC) processes of can receive sizable SUSY contributions due to the large top
K mesons an® mesons, new physics searches in these proYukawa coupling constant. In particular the-sy process
cesses are as important as direct particle searches at collidas been intensively studied both in low-energy SUSY stan-
experiments. A prime example is the-sy process. Experi- dard models and in the minimal SUGRA mo@é}-6]. It was
mentally the inclusive branching ratio is determined asobserved that the SUSY loop effects can interfere with the
B(b—sy)=(2.32+0.57+0.35x10 * at the CLEO experi- SM amplitude constructively or destructively depending on
ment[1]. It is known that this process puts very strong con-the parameters on the model whereas the charged Higgs con-
straints on various new physics beyond the SM, for exampldyibution is always constructive. For the minimal SUGRA
two-Higgs-doublet model and supersymmetf®USY) ex-  model theB°-B° mixing andC P-violating parameter in the
tension of the SM. Along with thé— sy process, another K°-K° mixing, € . has also been investigated|[i]. In this
important rareb decay process is thb—sll decay. Al-  paper we consider the—sll process in addition to the
though only upper bounds on branching ratios are given by, sy process to see possible implication on the model by
experiments for various exclusive mode, this process is  future experiments. We observe that the predicted branching
expected to be observed in the near futur@dectories as  ratio of theb— sy process and that of tHe—sl*|1~ process
well as at hadron machines. _ are strongly correlated and thus their measurements are use-
In this paper we investigate the—sll decay in the mini-  ful to distinguish the SUGRA model from other extensions
mal supersymmetric standard mod®SSM), especially in  of the SM.
the minimal supergravitf{ SUGRA) model. The MSSM is The b—slI™l~ process in the SUGRA model was ana-
now considered to be the most promising candidate beyonyzed by Bertoliniet al. in [4]. Recently this process was
the SM. In the MSSM, SUSY partners such as squarks, slepreconsidered taking account of the measured branching ratio
tons, Higgsinos, and gauginos can contribute to FCNC proef b—sy and the top-quark mass in the context of the low-
cesses through loop diagrams. In order to evaluate their cornergy SUSY models as well as the minimal SUGRA model
tributions quantitatively it is necessary to specify how soft[8,9]. In [8] it was noted that thb—sI™|~ process is able to
SUSY-breaking terms are generated. In particular, the softesolve twofold ambiguity which cannot be distinguished
SUSY-breaking terms in the squark sector become newrom the branching ratio ob—sy. In [9] a more detailed
sources of flavor mixing, and tH€®-K° mixing becomes too  analysis has been done in the minimal SUGRA model. Com-
large if the squark mixing is of order 1 and masses of SUSYpared to them, our calculation is improved in several points
partners are in the below-TeV regid8]. In the minimal  such ag(1) numerically solving RGE’s with whole Yukawa
SUGRA model it is assumed that the soft SUSY-breakingnatrices and soft SUSY-breaking parameters with the flavor
terms are universal at the Planck or grand-unified theorynixing, (2) taking account of one-loop corrections in the
(GUT) scale. Flavor mixing at the electroweak scale can beHiggs effective potentia[10] in order to determine the
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proper vacuum expectation value through the radiative elec- We= e, fui QPHEU + f 5 HYQPD:;
. 5 . . aBLUij i 12V Dijt 1 Yj
troweak symmetry-breaking scenafitl], and(3) including
the interference effect with the long-distance contribution in +fEinfLiﬁEj—,uHi“Hg], 2.1

calculating the lepton invariant mass spectrum of the
b—sl*1~ branching ratio. It turns out that the third effect

can change the branching ratio in the off-resonance region by here the chiral superfield®, U, D, L, E, Hy, andH,

~*15% depending on the relative phase between the 1ongz,nstorm under SU(3)xSUR), XU(L)y as the representa-
and short-distance contributions. Taking account of varioug;,

phenomenological constraints including the branching ratio
of b—svy, we show that there are regions in the parameter
space where the branching ratiosfssl™|~ is enhanced by 1
about 50% compared to the SM. We also calculate the Q»“=(3,2,6), U,=<
branching ratio of theb—svv process in the minimal
SUGRA model and show that the branching ratio is reduced
at most by 10% from the SM value.
This paper is organized as follows. In Sec. Il, we intro- 1
duce the minimal SUGRA model and explain new sources of Li'= ( 12— 5) , E=(1,1,D, 2.2
flavor changing in this model. In Sec. Ill, formulas for
b—sl*|~ decay are given including SUSY contributions. In
Sec. IV, we present numerical results of our analysis. In Sec.
V, b—svv decay is discussed. Section VI gives conclusions N N
and discussions. Various formulas are summarized in the H1=(1,2,— 5)' Hz_(l’z'i)-
Appendices.

Il MINIMAL SUGRA MODEL The suffixesa,8=1,2 are SW2) indices andi,j=1,2,3 are

The MSSM Lagrangian is specified by the superpotentiageneration indicese,z is the antisymmetric tensor with
and the soft SUSY-breaking terms. The superpotential of the;,=1. A general form of the soft SUSY-breaking terms is
MSSM is given by given by

~ ~

_ﬁsoﬁz(mé)ija Lau+(m6)ijE§iGRj+(mZD)ijaEiaRjJr(mE)ijT IiTLj+(mé)ijeRieRj+A§hIh1+Agh£h2

+€ap(Buhihs+H.c) + e,5(Aui G h5UR, + Api h T dij+ Aei i1 EER, + H.c)

1 — 1 - 1 =
+ > mzBB+ > myWW+ > mgGG+H.c.|, 2.3

whereqy;, Ug;, E’F;i, T, €%, andh;, andh, are scalar the MSSM[12]. We first solve the one-loop RGE’s for the
components of chiral superfield3;, U;, D;, L;, E;, Hq, gauge coupling constants taking(mz) as the input and
andH, respectively, an<§, \7\,, andG are ULy, SU2), , determine the GUT scaIM cuT, Where the gauge couplings
and SU3). gauge fermions. meet. The Yukawa coupling constantshg; are also cal-

In the minimal SUGRA model the soft SUSY-breaking C?IarfedYbﬁ/(solvmg thfi RGE'’s fromm; to '\r/]lGUTI' The vaILIJ(es |
terms are assumed to take the following universal structure2 the Yukawa coupling constants at the electroweak scale
at the GUT scale: are obtaln_ed by taking the quark-le_pton masses, the Cabbibo-

Kobayashi-Maskawa(CKM) matrix elements, and the
tanB=(h9)/(h? as input parameters. Then we solve the
RGE’s for all MSSM parameters downward with the GUT
scale boundary condition2.4) for each set of the universal
i soft SUSY-breaking parametermg,Ay,Mx). We include

all generation mixings in the RGE’s for both Yukawa cou-

(m(zg)ij :(ma)ij :(m%)ij:mg5ij ,

(mp)i;=(mg);;=m3,

AE:Agzmg, pling constants and the soft SUSY-breaking parameters.
Next, we evaluate the Higgs potential at the electroweak
Auij=fuijAx, Apij=TpijAx: Agij=feijAx, scale and require that the minimum of the potential gives a
correct vacuum expectation values of the neutral Higgs fields
Mg =My=mg=Mgx. (2.4  as(h%)=v cogBand(h?)=v singwherev =174 GeV. This

is known as the radiative electroweak symmetry-breaking
With this initial condition, soft SUSY-breaking parameters atscenarig 11]. The effective potential of neutral Higgs fields
the electroweak scale are calculated by solving the RGE’s ddit the electroweak scale is given by
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V(h,h3) = (u?+AD)| 92+ (u?+ A§)|hg|2 We first introduce+tr1e effective Hamiltonian which is rel-
evant for theb—sl™|~ procesd13]:
+(B,uh2hg+H.c.)+g g (|h9%2—|h3?)? 4G, 2
o= 2 CilQI0(Q), (3.0
+Vloop1 (25) -

whereVq,, is the one-loop correction induced by the third- whereQ is_the re_normalizatior_1 point. For the calculati_on of
generation fermions and sfermiof0]. The requirement of the branching ratio, the following three operators are impor-
the radiative electroweak symmetry-breaking determines thiant:

magnitude of the SUSY Higgs mass parametend the soft e

SUSY-breaking paramet&. The explicit forms oV o, and 07= 7= My(SL 00 PR F**, (3.2

the condition of the radiative electroweak symmetry break- 6 a

ing used in the present analysis are given in Appendix A. At

this stage, all MSSM parameters at the electroweak scale are _ e .
determined as functions of the input parameféasd, m,, O0= 1672 (Sa¥ubLa) 1741, 33
AX! MgX1 Sgr(M)]

With use of the low-energy SUSY parameters determined e —
by the procedure described above, we can calculate all the O10= 75,2 (SLa¥ubLa) (17" ¥5l). (3.9
SUSY particle masses and the mixing parameters. Thé 6
mass matrix of the up-type squark is written by The explicit forms of all the effective operato(Q) are

_ given in Appendix B. Throughout this paper we neglect the
L= (T TEM ( ) strange quar_k mass. _
L7R The coefficientsC,(myy)—Cyo(my,) are determined by

5 ) matching the full theory with the effective theory at the
e~y [ (MEDi) (MiR)jj u,_J renormalization  point Q=my,. The coefficients
= (UL Ug; 2 , 28 ¢ (mw)—Cg(my,) are given b
(MzL)ij (mRR)” URj W, 6L W, 9 y

(mEL)ij:(MIJMU)ij+(m2Q)ij ColMy)==Ae, Ci(mw)=0 (i=13-6, (39

1 2 where\ =V, V. Note that there is no SUSY contribution
+m§cos{2ﬁ)(§— 3 sinzaw) g, (2.7 to these values at the tree level. The coefficients
C,(my)—C4o(my,) are generated by one-loop diagrams. In
2 order to determine these coefficients at thg, scale, we
(méR)ij:(MUML)iﬁ(ma)ij+m§<305(2,3)<§ sinzew) 8ij need to cgilculate photon pengum,_pen_guin,_ and t_)px dia-
grams taking account of new contributions in addition to the
: iagrams. There are four classes of new contributions in
(28 SMdi Th four cl f ibutions i

the SUSY model: charged Higgs bos@th ™), up-type quark
(m2e)y = (MEL)5 = — 1 COUBIME);j + (Al),v Sing, ged Higgs bos), up-type g

2.9 w .
where My, is the up-type quark mass matrix, i.eM;;

=fyjiv sing, andU, is the up-type component of the 8) b u; s b U s
doubletq. In this weak eigenstate, the mass matrix is not N 7 o .

diagonal at the electroweak scale. The physical mass eigen-
state is given by diagonalizing the mass matrix:

=

(a) (b

G.=<Gu>f({§; , (210
J

Uy(M2)U{,=diagonal, (2.11 bf “ '

2 v s
wherel, is the mass eigenstate. The unitary matﬂlgg in- "
duces new flavor mixing in the up-type squark sector. In a W
similar manner, we define the mixing matrices, , U for - - - -
the down-type squark and the slepton sectors. 4 ¢ v ¢

(9) (d)

Ill. b—sltl~ DECAY
FIG. 1. Feynman diagrams in the Sk&) b— sy, (b) b—sg, (¢
In this section, we describe the calculation of the branchthe penguin diagram forb—slI*1~, (d) box diagram for
ing ratio and the lepton forward-backward asymmetry for thep—sI™|~. The SUSY contributions to these diagrams are obtained
b—sl™lI~ (I=e,u) process in the minimal SUGRA model. by replacing the internal lines with SUSY particles.
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loop; charginoX ~) up-type squark loop; gluin(ﬂ), down- ces at each vertex defined in Appendix D and Inami-Lim
type squark loop; and neutralink®) down-type squark functions given in Appendix E. _

loop. C,(my,) is obtained by calculating the photon penguin !N order to calculate thé—slI”1~ decay amplitude, we
diagram Fig. 1a). Cg(my,) is also obtained by calculating nheeclti?thE effecrt:vel Hzmlltcl)nlan%t t.h'BO scale: By.sol\z‘ng
the gluon penguin diagram Fig(d). There are three types of the s in the leading logarithmic approximatidriLA)

: . - ) .~ of QCD, C;(my) can be related wittC;(my,) as given in
diagrams which contribute t@4(my): the photon penguin Appendix F[14]. With this effective Hamiltonian at they,

diagram, Fig. {c); the Z penguin diagram, Fig.(&); and the  scale, we can calculate various physical observables. Since
box diagram, Fig. ). Since we neglect the lepton mass, the bottom quark is much heavier than the QCD energy
there is no charged Higgs contribution to the box diagramscale, we can calculate the inclusive decay width as a free
C1o(my) is induced by th& penguin diagram, Fig.(t), and  bottom quark decay. This procedure is justified as a leading-
the box diagram, Fig.(@). The explicit form of each contri- order approximation of the heavy quark expangios]. The
bution is given in Appendix C with use of the mixing matri- b—sI™|~ branching ratio is given by

2 1 ) /1 am?
fpr(Me /my) (s) S

4 An oA An oA n
+ 5 [CrlPas(S.mg, i) + 1204(S, s,y )RECT [ Co+ Y(5)]}

1

dB(b—sl*l7) __ a?
Vcb

o ~ A A~ A A~
05 =B(b—ce )4—772 |Co+ Y(8)|%ay(8,Mg, M)+ |Cyg2an(S,Mg, M)

, (3.6

wheres=(p.+p_)?mZ and p_(p_) is the four-momentum of (I 7). Here we normalize the branching ratio by the
semileptonic branching rati®(b—cev) in order to cancel themp factor in the differential width. The function
fon(X)=1—8x2+8x®—x3—24x%n x is the phase-space factor of the semileptonic decay width. Kinematical functions
a,— a, andw(s) are given in Appendix G. As mentioned before we neglect the strange quark mass in the numerical analysis.
The lepton mass, is, however, kept since lepton mass corrections are important in the lower end of the lepton invariant mass
spectrum. By calculating the matrix elements of four quark operaqgrsOg at the one-loop level, we obtaivi(s)

R me. . 1 R 1 R R
Y(s)=g(m—;,s) (3C{+C,+3C3+Cy+3C5+Cgq)— > g(1,8)(4C3+4C4+3C5+Cg) — > g(0,5)(C3+3Cy)+VY,edS),

3.7
( 422
4 8 162 2 a2 a2\ |[PPNEE o
—§|I’]Z +2—7+§—§ 1—?(2 3 ) In 1 -l for s>4z°,
- 1-\/1- —
9(2,8)={ S (3.9
4 8 1622 4 [4z 472 1 R )
—§Inz +2—7+ 95 9 —— (2+T arcta Tz for s<4z°.
\ 5

In addition to these short-distance contributions, there are long-distance contributions fromc thesonances,
b—sJdy—1*1" andb—sy’ —1*1~. Although we can avoid large contributions from these resonances by cutting the reso-
nance regions of the lepton-invariant-mass spectrum, there can be sizable effects from interference between the short-distance
contribution and the tail of the resonances. The resonance effects lin-tisgransition have been investigated in connection
to the long-distance contribution of tie—sl*|~ [16—18 as well as théo— sy [19] process. In Eq(3.7) following [16,17]
we have introduced the resonance tefpys)

R 37
YedS) =k ? 2

i=dly,y

MT(i—1717)/m2
. 5—MZma+iM T /m2’

(3.9

wherek parametrizes thb-s-J/ andb-s-¢' couplings. Its absolute value is determined frbifb— J/X) and is given by
|k|~1[16,17. In generalx can have a nonzero phase. In the following, in order to see the effect of the phase, we show results
with! k==*1. In the actual evaluation of the branching ratio the charm mass ifBE#yis taken to be th® meson masgl6].

The choice of the charm mass is not important here since the branching ratio depends on it very weakly.

Yn principle, « can be different fod/ andy’. But for simplicity, we take the same value in E8.9). From the experimental data at least
we can show that the absolute value is almost the same both#aand ¢'.
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Another observable which is expected to be measured with reasonable accuracy in future experiments is the forward-
backward asymmetry of the leptdt7]. In the center-of-mass frame of the lepton pair, this is defined as

S5d(cos 6)[d?B/d(cos #)ds](b—sITI7)— 2 ,d(cos #)[d?B/d(cos #)ds](b—sI™1™)
J5d(cos 6)[d?B/d(cos 0)ds](b—sI™1 )+ % ,d(cos 6)[ d?B/d(cos #)ds](b—sI1 )

3w(3) V1 —4M7/5C,{[Co+Re Y(8)]+2C}

Arg(S) =

=— = ~, 3.1
{|Co+ Y(8)|?a;+ Cigar+ (4/5)Cas+ 12a,C7[Co+ Re Y(8)]} (3.10
where 6 is the angle between the momentum of the bottom quark and that 6f the
|
IV. NUMERICAL RESULTS (5) From the neutralino search at the CERNe™ col-
As explained in Sec. Il, the MSSM parameters are deterl—Ider LEP[23], we impose
mined by solving the RGE'’s. In the minimal SUGRA model, [(Z—xx)<8.4 MeV, (4.3
there are five SUSY parameters; the universal scalar mass
my, the gaugino masMgyy, the universalA parameter B(Z—xx'),B(Z—x'x')<2x107%, (4.9

Ay, the SUSY-invariant. Higgs boson magas the mixing
parameter of Higgs bosoB. Using the condition that the where x is the lightest neutralino ang’ denotes another
electroweak symmetry is properly broken to give the correcneutralino.
Z boson mass, the theory contains four free parameters,

tanB, mg, Mgx, andAy as well as the sign ofc. We scan 1.05

the parametersn,, Mgy, and Ay in the range ofmg=<2 < ' ' ' ' ' Itan[3|=3
TeV, Mgx=<2 TeV, and|Ay|<5mj for each fixed value of E‘ﬁ
tan 8. We also impose the following phenomenological con- o B g
straints. = Hi
(1) b—sy branching ratio. The branching ratio of the g 100r T 1
b—sy process is given by o B
B(b—>S)/)—7 V_cb B(b—>C€V)|C7(Q)| . (4] ;’g 095L = x;;é ]
=, $
Most important theoretical ambiguity comes from the choice 59 © G
of the renormalization scal@. The branching ratio changes © < Cpy
by about+30% as the scal€ is varied in the range of 0.90 T T
my/2<Q<2m,. We fix Q=m, in this analysis and discuss -30 -20 -1.0 00 10 20 3.0 40 50
the ambiguity associated to the QCD correction later. From @ C,(m)/C m),
the measurement by CLE[1], the inclusive branch ratio is
given by 1.05 M Anaasssanssamnes
= [ tan B =30
7]
1x10 *<B(b—sy)<4.2x107%. (4.2 E o o
Q R DR T
(2) From the recent experiment at LEP 120], we im- oo 00|
pose that all the charged SuUsy particles are heavier than 65 ;m x;w5*;XXig;:fiéﬁx:g%éﬁ%ggﬁé‘ixxiwx «
(3) All sneutrino masses are larger than 41 G&y). ,\f E”““““ E . e
(4) The gluino mass is larger than 100 GeV. The lower & xx* ﬁﬁ:%
bound of the experimental gluino mass is given by Fermilab o 0B PAAR soii
Tevatron collider[22]. Since it depends on various SUSY = RS
parameters, we take 100 GeV as a conservative lower 59 = G
bound? © " Gy
0.90 U D PP
3.0 20 -1.0 0.0 1.0 20 30 40 50
(b) Cm)/C(m),

2With use of the GUT relation of the gaugino masses &)
and the LEP 1/1.5 constraints on charginos and neutralatuse 2
and 9, a gluino lighter than about 150 GeV is excluded for  FIG. 2. C;(my), Co(my), andCio(my,) in the SUGRA model
tanB=2. Therefore the precise value of the imposed gluino massiormalized to that of in the SMa) for tan3=3 and(b) for tan3
bound is not very important. =30.
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3.0 T T 0.5
k=+1,SM b
3 | — — - k=-1,SM [
1] =-=-- x = +1, SUGRA
2.5 [i| - ¥ = -1, SUGRA ||
—
T
2 20 ~
- .
[ o
= 15}
F !
T -
=
= 1.0} <
[2a]
~
~% Sel
TN =+1,5M
05 Y Sl ¥
e N e Kk = +1, SUGRA
wwsesses ¢ = =1, SUGRA
0.5 . L ! .

0.0 0.2 0.4 0.6 0.8 1.0

w>

FIG. 3. B(b—slI"I7) in the SM and in the minimal SUGRA

moﬂel fork==1. TEe SUSY para_meters are fixed with gan30, FIG. 4. Acg(b—sI*17) in the SM and in the minimal SUGRA
mh0—369 Gev,.ng—lk(])O GeV,Ax=mo, whereCy(my) becomes el for x=+1. The SUSY parameters are fixed with 830,
the opposite sign to the SM. my=369 GeV,Myx=100 GeV,Ax=m,, whereC;(m;) becomes
(6) The lightest SUSY particle is neutral. the opposite sign to the SM.
(7) The condition for not having a charge or color
symmetry-breaking vacuufi24]. We first show our numerical results fbr—su* ™ and

Throughout this paper we fix the top-quark mass as 17%jscuss the electron case later. In Figs. 3 and 4, the branching
GeV, the bottom-quark pole mass as 4.62 GeV anqatio and the forward-backward asymmetry in the SM are
a(mz)=0.116. In Fig. 2, we showC;(my), Ce(My), and  shown as functions of the lepton pair invariant mass. In the
Cio(mp), each of which is normalized to its SM value, for cgicylation of theb—sI*1~ branching ratio we have used
tan/%=3,_ 30. In these figures we .do not include ﬂhe»s_y me/my=0.31,|V /(| =1.01, andB(b— cev) =0.104 in Eq.
cpnstralnt. We can see that in Fig. @;(m,) can b? qu!te . (3.6). We also show similar curves for the minimal SUGRA
different from the SM value and even the opposite sign ISmodel with a particular set of parameters that @30,
allowed for tapg=30. On the other handCe(my) and —369 GeV,M =100 GeV,A=m, and the sign ofu is
C differ from the SM values by at most 5% in the " ° Vlgx Ax= Mo g
Wﬁggb) ar;rﬁ;té?r: acz for b\g?hu;nsys?) rlrr]lotshe c;Icl:rl]JIa-e positive. This parameter set is chosen so @&gtmy,) has the

P P o same magnitude but the opposite sign to the SM value. We

tion of C,(m,), there is a one-loop diagram with internal o
stop and chargino which gives a large contribution Whenshow the curves witlk=+1 for both models. As can be seen

tan3 becomes large[6]. When chargino has a sizable N Figs. 3 and 4, ther_e are large _Contributions fr(_)m Jhe
Higgsino component, this diagram is proportional to the@nd ¢/’ resonances. Since we are interested only in the short-

product of the top and bottom Yukawa coupling constantsdistance contribution, we consider the following two regions:
i.e., mmy/(sind cosB), which grows as ta when tag is  the lows region, 4nf<s<(my,,—8)? and the higts re-
large. On the other hand, there are no such terms in thgion, (m,+ 8)*<s<mj, whered is introduced to cut the
calculation ofCo(m,) andC,o(my). In fact, the correspond- resonance regions and we take100 MeV here. We can

ing stop-Higgsino diagram ii€g(my) and C,o(my) is pro-  see that the sizable interference between the long- and short-
portional to the square of the top Yukawa coupling con-distance contributions even in these low- and hégiegions.
stants, namelym?/sir’8, which does not grow for large At the asymmetridB factory experiments, however, it may
tangB. IndeedCqy(m;) andC,o(m;) could be large if tag<1, be possible to determine the phasexoby measuring the

but within the framework of the minimal SUGRA model lepton invariant spectrum near the resonance regions. There-
tang is only allowed to be larger than two as far as wefore, in the following, we consider the branching ratio and
require that the top Yukawa coupling constant remains perasymmetry integrated in the above two kinematical regions
turbative up to the GUT scale. with a choice ofk==*1. These are defined as

glowihigh) _ f dsB(s), @9
low(high)

S iowthighdS(J gd(cosH)[d*B/d(cosp)d§] — [, d(cos)[ d?B/d(cosh)ds])

S towihigndS(J 5d(cos9)[ d?B/d(cosf)ds] + [° ;d(cosd)[ dB/d(cos)ds])’ 4.6

low(high) __
-AFB gh) _
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FIG. 5. A correlation betweeB(b—sy) andB(b—slI*| ) in the minimal SUGRA mode(a) in the low-s region withk=+1, (b) in the
low-s region withk=—1, (c) in the highs region with x=+1, and(d) in the highs region with x=—1 for tan3=30. Two vertical dashed
lines represent the experimenkal-sy constraint. Circles, squares, and triangles represent how Bi{lth-sy) andB(b—sl*1~) change
when the renormalization poif@ is taken to bem,/2, m,, and 2n,, respectively.

Notice that for general phase afthe branching ratio takes branching ratio ob—sl*I~ depends on the sign of sig-
the value between the=*1 cases. nificantly.

In Fig. 5, we show the correlation between the branching We also show the correlations between the branching ra-
ratios of theb—sy andb—s|™1~ in the above two regions tio of the b—sy and the forward-backward asymmetry of
for tan3=30. Figures &) and §b) show the branching ratio the b—slI™1~ in Fig. 6. Four figures correspond to the case
of b—sl*I~ in the lows region fork=+1, and Figs. &)  «=*1 and low-high regions. We can see that the asymmetry
and 5d) correspond to the high-region. As already men- S also useful to distinguish the sign 6%(m). _
tioned in connection with Fig. 2, onl,(m,) can receive We vary the renormalization poi@ from m,/2 to 2m, in
sizable SUSY contributions. It is therefore clear from Egq.0rder to study the renormalization point dependences, which
(4.1) and Eq.(3.6) that the values of two branching ratios lie are also shown in Figs. 5 and 6. We see that the tendency is
on a parabola when we neglect the SUSY contribution tghat the branching ratio changes along the parabola. This is
Co(mp) andC,(my). This is seen in Fig. 5. If we take the because the cha.nge of the renormalization pojnmqm.ly
experimental constraint on the branching ratidefsy into  affectsC7(Q). This means that we can make a prediction of
account, two separate regions are allowed. One corresponéf€ branching ratio olbﬁslﬂ - without much ambiguity as
to the case when the sign 6f(m,) is the same as that of far_as we use the experimental value o_flhes_y branching
the SM, and the other corresponds to the case with the ogatio.® Figure 7 shows that the branching ratiokpf-s| ™1~
posite sign. We can see that the branching ratio ofn the lows region as a function of the chargino mass and
b—sl*I~ is enhanced about 50% in the latter case. Al-
though the branching ratio d&f—sl™1~ in the lows region
changest15% depending on the sign af we can distin- 3t is important, however, to reduce the ambiguity of the renor-

guish the sign oC;(my) from the branching ratio integrated malization point in order to put constraints on SUSY parameter
in this region. On the other hand, in the higtregion, the  space from thd— sy branching ratio.



4280 GOTO, OKADA, SHIMIZU, AND TANAKA 55

0-25 T T T T 0'50 ‘ T T T T
o wemn 0.45 -l“mll?D" o wem) ]
__o01sL ™ o w=m |] - O p=m,
— 2 we2m =y 2 u-2m
k: 0.10[ SM ] k: 0401 I""mn SM i
! \C<Q T ah
al o : s
. ", e iy
Foosf ] << “":"lmmm
o 035 gy ]
0.00 t@nB=30 ] tan B = 30 “llll|||||III
low § region g, high 8 region | m“m““
K:=+1 K=+1 I
-0.05 i . L L L 0.30 I L . .
0.0 2.0 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0
(a) B(b—ssy) [107] (© B(b—sy) [107*]
0.25 ; - : : 0.50 ———— - ; -
020
‘ SM
045} |
0.15} 9 wem | ~ il
= o w=2m, — "“|II|||| [T
@ 5 ] ) | St g
1 0.10 ok 1 0.40 5
- o ‘
Foost : < 5
=!Esg_ 0.35 | 1
0.00 | g M tan =30 ] tan B = 30 o p=mp
: k low § region high § region ookem,
k=-1 [ k=-1 & p=2m
-0.05 H L Ty L L 0.30 ; L L L L
0.0 2.0 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0
(b) B(bosy) [107%] (d) B(b—sy) [107]

FIG. 6. A correlation betweeB(b—sy) and.Azg(b—sI™17) in the minimal SUGRA mode(a) in the low-s region withx=+1, (b) in
low-s region withk=—1, (c) in the highs region withx=+1, and(d) in the highs region withx=—1 for tar3=30. Two vertical dashed
lines represent the experimental>sy constraint. Circles, squares, and triangles represent how m(ich-sy) and Agg(b—sl™17)
change when the renormalization po@tis taken to bemy/2, m,, and 2n,, respectively.

the light stop mass fok=1 and taB=30 taking account of ~5 and ~2 %, respectively, for the branch with opposite
the b— sy constraint. The points where the branching ratiosign of C;(my). It is worthwhile noting that we can distin-
of theb—slI™1~ is enhanced about 50% compared to the SMguish the sign ofC;(my) by looking at the lows region in
correspond to the case that tBg(m;) has the opposite sign theb—se"e™ mode just as in the—su " u~ case. On the
to the SM. It is interesting to see such parameters corresporither hand, the branching ratio and asymmetry integrated in
to relatively light SUSY particles ro,-<130 GeV, the highs region do not change noticeably from the
m; <250 Ge\} but beyond the reach of LEP Il. We have also b—su*u” case.
analyzed the case of small {&rfor example, tag=3. In this Let us now compare our results with those [B]. As
case theC,(m,) cannot change its sign as shown in Fig. 2,explained in Sec. I, we have included the one-loop correc-
thus the branching ratios change withir6% after taking tion termV,y,, in the Higgs potential to find appropriate pa-
into the account th&— sy constraint. rameter sets. This correction, however, mainly affects the
We also calculated the branching ratio and the asymmetrjnass of the lightest neutral Higgs boson, which does not
for the b—se'e™ process. The only difference from the directly contribute to the FCNC processes. Consequently the
b—su®u~ case is that the lower limit of the lepton invari- €ffect of this improvement is rather smallhe most impor-
ant mass becomes smaller. Since tgm,) term gives tantdifference comes from the long-distance contributions of
dominant contribution in the region near the kinematicalthe cc resonances. If9], b—sl"I~ branching ratio is cal-
lower limit, the branching ratio and asymmetry integrated in
the lows region change from those fdr—su ™ u~. Com-
pared to Fig. &), for example, theb—se"e” branching “The effect on the lightest Higgs boson mass will be important in
ratio is enhanced by-5% at B(b—sy)=1.0x10"* and  finding allowed SUSY parameter regions when the experimental
~30% atB(b—sy)=4.2x10"* for the SM branch and by bound of the lightest Higgs boson mass is raised.



55 b—sll IN THE MINIMAL SUPERGRAVITY MODEL 4281

V. b—svv DECAY

10 o taI;B=3|O In this section, we present the numerical result of the
09t low § region | branching ratio obb—swvv in the minimal SUGRA model.
K=+l For the calculation of this branching ratio, we need to intro-
— osk duce a new operator to the effective Hamiltonian B31):
WIE g2
= o7t On=162 (Sta¥ubie) 2 7" (1=y9)n].
[ i=eu,7
; SM The corresponding Wilson coefficieit; is given in Ap-
= 05 ) pendix C. Note thaC,, does not receive QCD correction in
04j o ] the leading logarithm approximatiofiLA ). In addition to
' the SM contribution, there are thé penguin and the box
0.3 L diagrams due to the charged Higgs boson and SUSY par-
0 50 100 150 200 250 300 350 400 ticles. Since the effect oflepton mass in the loop diagram is
@) m(%") [GeV] small,C, is calculated with three massless charged leptons.
! An important difference from thé—sI™|~ process is that
1.0 ; : , : : no photon penguin diagram can contribute to the svv
tan B = 30 process. Thus SUSY contributions®@q, are similar to those
09f low & region J to Cy0, and no large SUSY contribution is induced. The
branching ratio ob—svv is written as
08 ]
(=] J—
: 0.7 r ] i=§,u7 B(b—>SV| VI)
‘. 2 2
- 06[ ] —ay |1 1 )
= _ i
é Lsw | 3B(b—ev) m‘vm o (meimy) |C14% (5.2
- e In Fig. 8 we show the scatter plot of tie—sv» branch-
041l . ing ratio and the chargino maghe light stop mags In this
calculation we have taken into account all constraih}s(7)

in Sec. IV. We see that the branching ratio does not exceed

03 1 L 1 1 1
0 100 200 300 400 500 600 the SM value and the change is at most 10%. This result does

(0) m(t,) [GeV] not depend much on the value of fin
FIG. 7. B(b—sI"17) in the lows region for tapB=30 as a VI. CONCLUSIONS
function of (a) the light chargino mass ar®) the light top squark ] ] ) —
mass. The solid line shows the value in the SM. In this paper, we have extensively examined the sl|

branching ratio in the minimal SUGRA model. By scanning

lated with the short-dist tributi | it the three-dimensional space of the soft SUSY-breaking pa-
culated wi € short-distance contributions only, omi Ing'rametersrno, Mgx, andAy for various choices of tg8 we

the J/y and ¢/ resonance regions from the integration rang€nave found that a parameter region, where the Wilson coef-
of the lepton pair invariant mass. We show that even if th&jcient ¢ (m,) receives a large SUSY contribution, is still
resonance regions are avoided, the interference effect bgjowed under the LEP 1.5 constraints provided thapten
tween the short-distance contributions and the tail of thefarge. On the other hand, the SUSY contributions to the co-
resonances gives-*15% ambiguity to theb—slI"l™  efficients Co(m,) and C,o(m,) are much smaller than the
branching ratio since the detail of ties-J/¢y andb-s-¢ ~ SM contributions in the whole allowed parameter space.
couplings, which are parametrized by the phase @i our ~ Consequently, there is a strong correlation between the pre-
present analysis, is theoretically unknown. We see that thidicted values of the branching ratios df—sy and
ambiguity is larger than the short-distance effects from theo—sl*I~. Applying the measured bound of tHe—sy
SUSY contributions unles€; changes its sign. Thus, it is branching ratio, we have shown that the predicted values of
difficult to extract information about the SUSY parametersthe b—s|*I1~ branching ratio are separated in two branches
from the branching ratio and the forward-backward asymmefor a large tap: one corresponds to the region where the
try of b—sl*l~ without knowledge of the long-distance sign of theb— sy amplitude is the same as that in the SM
contributions. This ambiguity will be reduced experimentally and the other corresponds to the opposite sign. In the latter
by the measurement of the behavior of the lepton pair invaricase, thdo—sl*1~ branching ratio becomes, at most50%

ant mass spectrum around the resonances. This may k&rger compared to the SM value. The forward-backward
achieved before the branching ratio in the off-resonance reasymmetry is also significantly different from the SM in the
gions is measured since a large number of events is expectsdme parameter region. Sinecg-=100 GeV is allowed for
near the resonance regions. such a parameter region, it is possible to observe a large
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FIG. 8. B(b—svv) for tan3=30 as a function ofa) the light
chargino mass an¢b) the light top squark mass. The solid line
shows the value in the SM.

enhancement in the branching ratiolf-sl*1~ even if no

There are several theoretical ambiguities in the calcula-
tion of b—sl™1~ branching ratio, such as thee resonance
effect, the renormalization point dependence, the strange
quark mass, and the higher-order corrections in the heavy-
quark expansion. Among them we studied the renormaliza-
tion point dependence and the resonance effects in some de-
tail. The strange quark mass correction, which is of order
m2/m2, is estimated to be less important especially in the
low-s region. The higher-order corrections in the heavy-
guark expansion is also expected to be srt.

The renormalization point dependence gives about 30%
ambiguity to determine the magnitude Gf(my,) from the
measured value dbi— sy branching ratio. This ambiguity,
however, does not affect the correlation between the branch-
ing ratios ofb—sy andb—sl*l~ much. We can make a
rather definite prediction on the value of the—sl™l~
branching ratio with use of the measured->sy branching
ratio.

Thecc resonance effect turns out to be important. To deal
with this effect, we have introduced a phenomenological pa-
rameterx and have presented our results ker =1 since the
phase ofx is not known theoretically. We have pointed out
that there are sizable ambiguities due to this effect for both
low- and highs regions. This ambiguity will be reduced ex-
perimentally if the lepton invariant mass spectrum near the
resonances will be measured in some detail. We have also
found that in the lows region the change of the—sl*|1~
branching ratio due to the sign @f;(m,) is larger than the
ambiguity induced from the phase f This fact enables us
to distinguish the sign o€,(m,) without the knowledge of
the phase ok, by measuring th&—sl|™1~ branching ratio
integrated in the lows region.
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APPENDIX A: ONE-LOOP CORRECTION TO THE HIGGS POTENTIAL

The explicit form ofV ., in Eq. (2.5) is given by

Vieon™ 35,2

2 2
m> m 2
4 t, 3 a t, 3 4 m; 3
mtl(ln? §)+mt2(|n? E) 2mt(ln@ E

b, 3 4 mé 3
In ?— E) —2mb( In @— E

m2 2
%, 3 . m o3
In 62—— E —2mT In 62— E , (Al)
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whereQ denotes the renormalization point. The field-dependent masses are given by

me=fushd, mMy=Fpahd, m,=fegh?, (A2)
m%l(z): % [2mf + M a5t MG 3a¥ V(MQa3— Miyg9)®+4(— pfygsh?+Aysshy)’] (A3)
m%uz): % [2ME+ Maat Mpgs™ V(MGgs— M5 35)*+4( — ufpsshy+Apadh) ], (A4)
mg;l(2>: % [2m2+ M g5t ME™ \(M] 33— Mige) >+ 4(— pfegshy + Agsgh?)?. (AS)

For simplicity we neglecte®-term contributions to the scalar masses.
The radiative electroweak symmetry-breaking condition is

< av> < av> 0 (A6)
ong/ \ond/
where the bracket denotes the valuédt=v cos8 andh9=v sinB. We obtain the following equations for the SUSY Higgs

boson mass parameterand the soft SUSY-breaking parameBefrom Eq.(A6) with the explicit form of the Higgs potential
(2.5 and Eq.(A2):

2

4 f
V= g aRE=D | (W AD ~wtr ADtart B e ([T ) +H(m )2 (m)hart
313
+(Afaart B wON(ME 2 )} T ALEE )+ (M ) =2 () 1+ (A~ wtar? )n(mE m )
f2
+ a0z ALT(ME )+ (M2 ) =2 F(m) ]+ (AZsg— ptar?)h(ms )}, (A7)
By, .. o 3foa 2 2 2 2 m2
W_(A1+A2+2M T {[f(m’{l)-l—f(m?z)_zf(mt)]+(AU33—,u cotB)(Auyss— u tanﬁ)h(m~1,mI2)}

3f3
+ Too7 (LHME )+ (Mg ) =2 £(M) ]+ (Apgs— p COUB)(Apza— w tanB)h(m .m¢ )}

f2
+ ﬁ {[f(mgrl) + f(m’z;z) —2f(m?)]+ (Agsz— p COB)(Agaz— pt tar;B)h(m—z;l,m—z;z)}, (A8)

wheref(m?) =m?[In(m?/Q?) —1] andh(m3,m3)=[f(m3)—f(m3)]/[mi—m3].

APPENDIX B: THE EFFECTIVE HAMILTONIAN L o
FOR b—sll O3= (SLaylLbLa)q Edls - (dLgY“dip), (B4)
s,

The effective Hamiltonian for the—slI is given by
Ou=(SLa¥ubp) 2  (Aipy*dia),  (BD)
11 gq=u,d,s,c,b
4Gg
Her=— 2, Ci(Q0(Q), (B1)
Os=(SLa¥uPre) 2 (Urg¥“Grg),  (BO)
g=u,d,s,c,b
in which the operator basis is chosen to be

B B Os=(Sta¥ubip) _ 2 (Arp¥“Gre).  (B7)
O1=(SLaYubLa)(CLgy CLp), (B2) B

e _
— — O7=7=— Mp(SLa0 u,bR) F*7, B8)
O2=(SLaYubLp)(CLgYCLa)s (B3) 7 16m? o SLa s Pire) (
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g _
Og=15.7 MolStaTep0braIG™",  (BY)
2 . JR—
Og= 152 (SLa¥ubLa) (1741), (810
e’ —
Olozﬁ (SLa¥ubLa) (1Y ysl), (B11)
0 —
Ou=1g7 (SLavibra), 2 [m7*(1=yo)m].
(B12)

APPENDIX C: WILSON COEFFICIENTS
AT THE ELECTROWEAK SCALE

In this appendix, we give explicit forms of each contribu-
tion to Wilson coefficients at the electroweak sciade9].

1. C7(my)
CAmw=CY¥+Cl +cy +cS+cy’, (D)
C7'=35 Mexew| 3 Falxew) + Fa(xew) |, (C2
H- 2
o =5 \Xth| COEB 3 f1(Xtn) + F2(Xn)
2
+ §f3(Xth)+f4(Xm) , (C3

2 6
-2 > XWTll(FdCT

|
)
a=11i=1 Lia2

\l><l

X

2
(Feof { Faixg m) + 3 falxg ;aI)J

m=-

a

X 2
| O )T g fabg w) | |

(C4

+(FCRIa

2 6
gs

o2 4 Wd(rGL 2

Mg
x| (PeDPT(X53) + (TERT 1 TalXEE,) |,

(CH

>

a=

OOII—‘
-

m-o
a

X
~ f4(X;gka|)} .
(Co)

X

(PROPF2(505) + (TR
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where x; =m?/m? and m; is the mass of the particle
fi(x) are the one-loop functions, which are given in Appen-

dix E. The matrixl“%,_(R) represents the coupling constant of
chargino<up-typejsquark<{down-typejquark, I‘E,L(R) rep-
resents that of neutralingdown-typejsquark-down-type)

quark andFdGL(R) represents that of gluingdown-type)
squark-+down-typejquark, which are found in Appendix D.

2. Cg(my)
Co(mw)=CY+Ch +C§ +C§+cf’, (€7
W 3
Csg =5 A eXewf 1(Xew) s (C8
W1
Csg > A iXeh[ COEBT 1 (Xen) + F3(Xen) 1, (C9
B 2 6
Cy =-— Zl 21 XWTJ|(FC(12TL)LZ{(FdCL)IanZ(X} -G
d ya3 ;( «
+(T'cr) f4(X} ;gl) , (C10
28 1
S
c$= 7 2 2 Wi (e (TeU)?| 3f1(xGa) + 3 fz(xaap]

+(rd )3m—5 3f (x~~)+3f (X33) (C11)
SR 'm, 3t%cd) T 3 TalXed) )| |

4 6
-> 2> Xwﬁl(rg a2

(TR PFax505,)

a1 i1
m~o
+(TRR) — Fa(xz04) |- (C12
3. Cg(myy)
Co(my)=Cgq,+Cqz+ Cgpoxs (C13
Co,=CW +Ci +C§ +CS +CY.,  (C14
Cop=Cly+Cl,+C), +CS,+Cly,  (C19
C9 box— CQ box+ CQ box CQ box (C16)
2 INXe\y
C =M\ Xuw| 3 f2(Xew) + Fa(Xew) { + 9 | X1 -1/,
(C1y
o 2
Co,= \COE Bx¢n 3 f5(Xth) = fe(Xen) |, (C18
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2 6
- 2
C§, =22 > xuy (MO [3f6<x;aap

—fs(xy QU,)}, (C19

6
C5,= =5 g2 2 wiaTeVT TV e(xEd,),
(C20

4 6
~0 2
Ce=—3 ;::l Z xwia,(TRD (TR 2f6(X}35|),

(C2)
W 1
Coz= —1+ma—w Xewfo(Xew) (C22
L1 1
Coz= AN 1+ Zsifoy cof BxewXenl f3(Xen) + Fa(Xen) 1,
(€23
5 1 2
Coz =2 * 4sir?0w)a; 1 |J2 (reur CL)BZ
X aBQZ(XuJ)(B Xu|)( 2 (UU)J (UU)M
+ 0112 \/x5 ;ﬁlx}gﬁng(X;;Uv x50 J)(U U )%
+Inxwg, — ga(Xy ;U”X;Eﬁj)(ul)i(uﬂf}}, (C24
~ gz 1
G __ 35
ngz— g2 ( 1+ 4SIr120W) 3 |321 ME1 (F GL 5
X(Terg: )Mgz(xd G Xd,6) (C29H

4 6
- 1

X_ = — a3 J
ci; 2( 1+ 4SI§0W)Q§1|JEI<FNU ("D g2

3
X| Bup02(Xd 50X, 70) 2 (Uo))'(Ub)wy

+015{~2 \/X;;E,X;galgl(X;gal X37°4,)Gpa

*InXwG, — 92(X394,:X579G,) Gt |

(C26

1
ConoM 7 5i7gy [9s0uw0 (001, (€27

6 3
1
C9box 4S|r120W a; Z 2 Xwy ~ (FCLI (chblﬁz

X(F L)BI( )algﬁ(xu|x 'XVJ)( ;}2 ;)- (C28)

1 4 6

Cbor 4S|r120wa;1|2 X T
XS TND 5~ (TR II\TR)%i}
X 96(Xd 10, XT 7% X7950)
— (TS (TN 2~ (TR S (TNR 31}
X 2[¥703005(Xq 70, X7, 0. x57070) ] (C29

The matrix F'CL(R) represents the coupling constant of

chargino-sneutrino-lepton aniﬂ‘l\,,_(R) that of neutralino-
slepton-lepton, which are found in Appendix D. Note that
indexi represents the generation of the final lepton and is not
summed here.

4. Cyo(my)

Cio(mw) =C102+ C1g,pox (C30

~0
Cioz= Cloz+ C1oz+ C1oz+ C1oz+ Chz (C3)

~ - ~0
ClO,box: C\ll\(I),box+ C)l(o,box+ Ci(o,box (C32)
. —1/4 sirty) . o~
i i L _ _ 0
Cloz= 1@ sita,) S0z TWHXCGXG
(C33
ilO,box: - i9,box' i:W!’)\(‘ o (C39

1 4 6

ClO b0 7 Sirf oy a;l lE XWXO(FNL Ias(FdL)kZ
X[ =TS TN L+ (RS HR)%i}
X QX 570, XT 70 X52570)
(TS (TND %+ (TR S (TR B
X 2,[x703005(Xq 70, X7 0. %7079) ] (C39

5. Cy(my)

Crai(my) = C112+ C11 pox (C30

- - - G ~0
Ci,=Cli,+Cl,+CY,+CF ,+CYy,  (C37)

~0
Cll box— Cll box Cll box Ci(l box (C38)
i11225"19\2/\/(:10z, i=W,H™ Y -.GX° (C39
Cll box= 4 smﬁv\,Clo box: (C40
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2 6
~_ 1
Clipo= — 4 a%‘;l Iz Xwy - (FCL | (FCL)BZ

X (g (e ),8|

X2\[xq % 950G T X s

(C4)

<0

1
Cll box_ Z

X(F L)BIZVXXO)(OQS(XVJX ’ |)( !X}O;S)

+(FNL)§I(FNL) |96(XVJX°:Xd|X°vX 0)]

6 3
L2 2w (TROTIND ol — (TS

TM>

(C42

APPENDIX D: FEYNMAN RULES
In this appendix, we give our notations. The mass matrix
of chargino is given by

M, V2mysing)\ [ W
hz

+H.c.
v2m,,cosB m

(D)

L= —(VV‘E[)(

Diagonalizing this mass matrix, mass eigenstates of chargin

xi (1=1,2) are given by

L=—gx [(FCL IJPL+(FCR | ]PR]d uy
—gx [(T)PPL+(TERIP

—g(x HSIEHPLYI+H.C,

RIVT

1
PR(L):E (1% ys). (D5)

The mixing matriced" ¢, (), I'c(r), andT'¢, are given by

(TeP=UYIUHF— UYL
X m(kU) U,)rev D6
\fzmwsinﬂ( 2V (D6)
T aj _ U ) Ld) U )a (D7)
(CRI (U|‘/meco$(72,
(T =(U,HjuHFe, (D8)
(FEL)FJ=(U|){'(U_)§, (D9)

here the matriceau , U| , andU are the unitary matrices
which diagonalize the up-type squark mass matrix, the slep-

ton mass matrix, and the sneutrino mass matrix, respectively.

X1 o (W
EolE] e

=5 BWRRRY
M, 0 —MzSwCg  MzSySg
0 M, MzCwCg  —MzCwSg
% MzSwCg  MzCwCp 0 —u
MzSwSg MzCwSg — 0
B
WS
X 'ﬁg , (D3)
h3

wheresy=sinfy, Cyw=Cosy, Sz=sinB, andcz=cosB. Di-
agonalizing this mass matrix, mass eigenstates of neutralino
are given by

:UN

B
\7V3
7 (D4)

x<IxI=I=xl
orowoNOR

[

The relevant interaction Lagrangian for tbe»sfpro-
cess is written as follows.
Chargino-quarllepton-squarkslepton interaction

V is the CKM matrix. Note that we neglect the small contri-
bution proportional to the Yukawa couplings of the lepton.
Neutralino-quarkepton-squarkslepton interaction

L=—gx L(TEOHP +(TR{PRId ¥
—gx AL(CNDHPL+ (TR PRI

gx ATLOEPLY T +H.c. (D10)

The mixing matriced"§y, (), I'\i(r), andI'§, are given by

(TRV{I=v2 <UN>2 1tan0W(U> (Up)!
d
m( W5(Up)I T3, (D11
(FM)?J’M{—%@MMUM (Up)f*®
d
m( Ve (Up)!, (D12

1 1 ~
(Fh “J=ﬁ{§<uN>§+5tanew<uN>i‘}<UD'.,

(D13
(ThR{=v2[ —tandy(UDSIUNHIT, (D14
Gap=(UD3(UWE—(UDAUWE, (D15)
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. 1 1 ~
(TROI=v2| ~ 5 U5+ 5 tanew<uN>f}<UI>f,
(D16)

where the matrix[]D is the unitary matrix which diagonal-

izes the down-type squark mass matrix.
Gluino-quark-squark interaction

L=—gV2(T?) ,G(TEDIPL+(I'&R)PrId; 075,

(D17)

where the mixing matriceE‘éL(R) are given by
(rgui=Up)f, (D18)
(FgR)]=—(Up)! "> (D19)

APPENDIX E: ONE-LOOP FUNCTIONS

These are the one-loop functions which appear in calcu-

lating the penguin or box diagrams;

1
fi(x)= T 1D)* (x3—6x%+3x+2+6xInx), (E1)

1
fo(x)= = 1)* (2x3+3x%2—6x+1—6%2InX),
(E2
1
fa(x)= =17 (x2—4x+3+21Inx), (E3)
f4(x)=m (x?>—1+2xInx), (E4)
1
fo(x)= /D" [7x3—36x2+45x— 16+ (18— 12)Inx],
(E9
1
fo(X)= /= D* (— 13+ 18x%— 9x+ 2+ 6x%Inx),
(EB)
1
fo(x)= m [X3+ 10x%>—29x+ 18
—(8x2—6x—8)Inx], (E7)
1
fa(x)= Tx=1)° [—7x3+8x%+ 11x— 12
—(2x3—20x%+ 24x)Inx], (E9)

fo(x)= ﬁ? [x2—7x+6+(3x+2)Inx], (E9)

1 X
g:1(X,y)= x—y |x=1 InNX—(X=y) |, (E10
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X2

Inx— §X—(X<—>y)}, (E1))

1
gz(X,Y):m 1 5

1 2

gs(x,y)= X—

X
(x—=1)

5INx

y —X_l—(XHy)},

(E12

1
X—z

Inx—(x<—>z)}—(x<—>y) .
(E13

1
gS(X!yIZ):_X_y x—1

_ 1
gﬁ(xayvz)_ H
1 2
X—Z

X

X
x—1

Inx— ?—(X<—>z) —(X<—>y)}.

(E14

APPENDIX F: THE QCD CORRECTION

With C;(my,) as the initial condition, we obtain the solu-
tion of RGE’s in the LLA approximatioh8,14]:

1

Ci(Q)= > Co(my) (75— 57123, (FD
1

Cax(Q)= > Co(my) (7554 57123, (F2)

1
Cs(Q)= Cz(mw)( —0.0112; 089944 - 1223
— 0_14037*0.4230_’_ 0_0054’70.1456

_ 0_0714176/23_’_ 0.050970.4086) , (FS)

1
Ca(Q)= Cz(mw)< 0.0156, 08994 = ,—12123

6
+0.12145p~ %4239 0.0026,°14%°

—0.071475%3+ 0.0984;70'4086) , (F4)

Cs(Q)=Cy(my)(—0.0025; %944 0.0117; 04230
+0.03047°%45-0.0397%,%4%%, (F5)

C(Q) = Cy(my)(—0.04627 *#%4-0.0239;~*42%
—0.0112,°14%8+ 003354989, (F6)



4288

8
C(Q)=Cr(my) 7'+ Cy(my) 5 (7= 7%

+Cy(my)(—0.0185 08%%4-0,0714; 123
— 0_038(}]—0.4230_ 0.0057770.1456_ 0-428676/23
—0.64947240%}- 2 299671423 1.0880716/23,

(F7)
Cs(Q) = Cg(my) ™23+ Cy(my)
X (—0.0571; 08994 0.0873; 04230
+0.0209,°-14%6
_ 0_913570.4086+ 0.8623714/23) , (F8)

C5(Q)=Co( M)+ ——— Cy(my)

s( mW)
X (—0.1875+ 0.1648;1 ~ 089941 0. 2424, ~12/23
+ 0.13847]1_0'4230— 0.007371+0.1456

_0_3941771+6/23+ 0.043371+0.4086, (Fg)
C1o(Q)=Cyro(my),
C11(Q)=Cy(my), (F10

where n=ag(my)/ as(Q).

GOTO, OKADA, SHIMIZU, AND TANAKA

APPENDIX G: THE KINEMATICAL FUNCTIONS

In this appendix we show the explicit form of kinematical
functions in Eq.(3.6) and Eq.(3.10. Heres, mg, andm,
meanss/mg, mg/m,, andm,/my,:

w(8)=+[5—(1+my)?][5—(1—my)?], (GY)

207\ e s -2
1+ — [—28%+5(1+ M)+ (1—m32)?],

(G2

al(gfns:ﬁh):

ay(8,Mmg, M) =[—282+5(1+ M)+ (1—m?)?]
2m? o A
+ TI [482—5(1+m2)s+ (1—md)?],

(G3
C 27 o
ary(8, s, M) = | 1+ —~ [—(1+m3)s?
—(1+14m2+md)s
+2(1+m3)(1—-m2)?], (G4)
C 27 s o
a’4(S,ms,m|): 1+T [(1_ms)2_(l+ms)s]'
(GH
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